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Summary of Testing 
 
 This report summarizes progress made in evaluating mechanisms by which flammable gases are 
generated in washed Hanford Tank 241-AN-102 (AN-102) sludge based on the results of laboratory tests 
using actual sludge samples from Tank AN-102.  Gas generation from the sludge sample was measured as 
a function of temperature with and without the application of an external radiation source (137Cs capsule). 
 
 The objective of this work was to establish the composition ratio of gas generated in actual tank 
sludge due to chemical and radiolytic processes as a function of temperature.  The gas-generation tests 
focused first on the effect of temperature on the composition and rate of gas generation.  Generation rates 
of hydrogen, nitrous oxide, nitrogen, and methane increased with temperature, and the composition of the 
gas mixture produced varied with temperature.  The gas-generation rate was examined at 45°, 60°, 75°, 
90°, and 105°C.   
 
 Gas-generation tests on actual radioactive tank sludge were conducted at the High-Level Radio-
chemistry Facility in the 325 Building (325A HLRF).  Gas-generation measurements were made using 
reaction vessels and a gas manifold system similar to those used in earlier studies with simulated waste 
(Bryan and Pederson 1995) and described in earlier reports detailing work with actual waste (Bryan et al. 
1996).(a,b)  The self-dose rate from the radionuclide inventory of Tank AN-102 samples was calculated to 
assess the amount of radiolytically induced gas from internal radiation sources.   
 
 CH2M HILL Hanford Group requested that Battelle - Pacific Northwest Division (PNWD) measure 
the energetics of washed AN-102 solids to help assess the washed solids’ reactivity hazard (Reynolds 
2001).  Hanford used the Babad et al. (1995) strategy to assess the reactivity hazards of stored organic-
bearing high-level waste (Meacham 1997), and we employed the same basic strategy using enthalpy-
calibrated differential thermal analysis (DTA) rather than differential scanning calorimetry (DSC) from 
room temperature to 500°C.  We calibrated the DTA using known melting point standards.  In the event 
that we saw an exothermic reaction producing >480 J/g dry waste, we analyzed the material with the 
Reactive System Screening Tool (RSST) after concurrence from Bechtel National Inc. (BNI).   
 
 The AN-102 washed solids exhibited exothermic behavior, but the heat released fell below the 
Hanford threshold criterion (480 J/g dry waste) measured by DSC (Babad et al. 1995).  Because of this, 
we did not attempt to measure the enthalpy using the RSST.  The heat measured was substantially less 
than the theoretical maximum, which is 320 J/g assuming reaction of the oxalate and total organic carbon 
content with nitrite and hydroxide. 
 
 Arrhenius treatment of the rate data yielded activation parameters for gas generation, as shown in 
Table S.1. 
 

                                                      
(a)  King CM and SA Bryan.  1998.  Thermal and Radiolytic Gas Generation from Tank 241-S-106 Waste:  Status 
Report.  TWS98.78, Pacific Northwest National Laboratory, Richland, WA. 
(b)  Bryan SA, CM King, LR Pederson, and SV Forbes.  1996.  Thermal and Radiolytic Gas Generation from Tank 
241-SY-103 Waste:  Progress Report.  TWSFG96.17, Pacific Northwest National Laboratory, Richland, WA. 
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Table S.1.  Thermal and Radiolytic Rate Parameters for Gas Generation from Washed AN-102 Waste 

 H2 N2O N2 CH4 Overall rate 
Ea, kJ/mol 63(±16) 111(±28) 58(±29) 71(±155) 109(±40) 
A, mol/kg/day 3.81E+03 2.75E+11 3.30E+03 1.38E+03 2.09E+11 
ln(A) 8(±5) 26(±10) 8(±10) 7(±51) 26(±14) 
R2 0.928 0.915 0.835 0.415 0.856 
G-value at 33,400 R/h 0.055 (±0.018) 0.062 (±0.013) 0.0495 (±0.016) 0.0005 (±0.0002) 0.145 (±0.051)
G-value at 2076 R/h 0.019 (±0.007) 0.039 (±0.013) 0.0495 (±0.016) 0.0005 (±0.0002) 0.145 (±0.051)

 
 We generated gas in the presence of a 31,300 R/h (137Cs) external gamma source to measure the 
radiolytic G-values for gas generation.  The effect of radiation was examined at 45°, 60°, 75°, 90°, and 
105°C.  The radiolytic G-values, in molecules per 100 eV, were determined to be 0.055 (±0.018) for 
hydrogen, 0.062 (±0.013) for nitrous oxide, 0.0495 (±0.016) for nitrogen, and 0.0005 (±0.0002) for 
methane.  
 
 This work was performed in accordance with the PNWD’s quality assurance project plan, River 
Protection Program-Waste Treatment Plant (RPP-WTP) Technical Support Quality Assurance Project 
Plan, RPP-WTP-QAPjP Rev. 0, as approved by the RPP-WTP QA organization.  The work was 
performed in accordance with applicable elements of NQA-1-1989 and NQA-2a-1990, subpart 2.7. 
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1.0  Introduction 
 
 This report describes research performed to measure gas generation from actual sludge taken from a 
composite sample of Tank 241-AN-102 (AN-102).(a)  The AN-102 sludge was washed with inhibited 
water (0.01 M NaOH) before testing to simulate the expected pretreatment processing.  Battelle – Pacific 
Northwest Division (PNWD) is conducting the thermal and radiolytic gas generation from this washed 
Tank AN-102 sludge for the Office of River Protection (ORP) Waste Treatment Plant (WTP).  The work 
was detailed in the Energetics and Gas Generation Test Plan,(b) which was written in response to the 
CH2M HILL Test Specification (Reynolds 2001).  There were no deviations from the stated test plan. 
 
 The gas-generation tests on Tank AN-102 samples focus first on finding the effects of temperature 
and second on the results of irradiating AN-102 samples with an external source (137Cs capsule).  The tank 
sludge samples and radiation source are contained in a hot cell.  Gas measurement equipment is contained 
in an adjacent hood attached to the reaction vessels by small-diameter (0.0058 cm inside diameter) stain-
less steel tubing.  The tests establish gas-generation rates from actual sludge samples as a function of tem-
perature with and without irradiation.  From these results, thermal activation energies can be calculated 
that allow gas-generation rates at other temperatures to be calculated.  G-values for the radiolytic gas-
generation component are also derived from these data. 
 
 To assess the effects of temperature on the gas generation from washed AN-102 sludge, experiments 
were performed in duplicate at five temperatures (45º, 60º, 75º, 90º, and 105°C), or 10 reactions total.  
The effects of radiation on gas generation were assessed by repeating the thermal experiment in the 
presence of an external 137Cs gamma capsule.  The irradiation experiments were performed in duplicate at 
the same five temperatures.  The thermal tests provide activation energies for gas generation (Laidler 
1987); the radiolytic experiments provide G-values for gas generation (Spinks and Woods 1990).  These 
parameters allow estimation of gas-generation rates of the principal gas components within washed 
AN-102 sludge under current and future storage conditions. 
 
 Section 2 of this report describes the gas-generation test samples and the experimental conditions and 
equipment used for the tests.  Section 3 presents the results and discusses the gas-generation experiments.  
Section 4 contains the energetic measurements of AN-102 washed solids, Section 5 is a summary, and 
Section 6 contains the cited references.  Appendix A contains a copy of the test plan outlining the work 
scope for this report.(b)  Appendix B contains the test instruction with specific details of implementation of 
the test plan.  Appendix C contains the results of analytical measurements performed on AN-102 waste 
samples. 
 
 The objectives of this testing were to 1) prepare washed solids from AN-102 suitable for use within 
this task; 2) perform thermal and radiolytic experiments on washed solids from AN-102 under thermal 
and irradiated conditions, and 3) perform energetic testing on washed solids from AN-102.  The data 
within this report will be used to provide information on the gas-generation capacity and reactivity of  

                                                      
(a)  Hanford waste tanks are designated with the prefix 241-.  In this report, as in common usage, the prefix is 
omitted. 
(b)  Bryan SA and RD Scheele.  2001.  Battelle Test Plan:  Energetics and Gas Generation.  TP-RPP-WTP-066, 
Pacific Northwest National Laboratory, Richland, WA. 
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Tank AN-102 sludge material.  The gas-generation studies explore the rate at which gases will be 
generated under any given thermal and radiolytic conditions.  These tests will help us understand certain 
safety concerns and provide information on potential emissions to the pretreatment vessel off-gas 
ventilation system. 
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2.0  Experimental Methods for Gas Measurements 
 
 Gas-generation tests on actual radioactive tank sludge were conducted in the 325 Building High-
Level Radiation Facility (325A HLRF).  A description of the experimental conditions is given in Sec-
tion 2.1.  A description of the Tank AN-102 test material and washing procedure is given in Section 2.2.  
The self-dose rate from the radionuclide inventory of Tank AN-102 samples was calculated to assess the 
amount of radiolytically induced gas from internal radiation sources.  These calculations are given in 
Section 2.3. 
 

2.1  Experimental Conditions and Equipment 
 
 Gas-generation measurements were made using reaction vessels and a gas manifold system similar to 
those used in earlier studies with simulated waste (Bryan and Pederson 1995) and described in earlier 
reports detailing work with actual waste (Bryan et al. 1996; King et al. 1997).(a)  Each vessel has a 
separate pressure transducer on the gas manifold line.  The entire surface of the reaction system exposed 
to the sludge sample is stainless steel, except for a gold-plated copper gasket sealing the flange at the top 
of the reaction vessel.  Figure 1 is a drawing of the reaction vessel showing the placement of the thermo-
couples within and at various locations on the outside of the reaction vessel.  The location of reaction 
vessels within a carrousel-style holder is depicted in Figure 2.  The arrangement of the reaction vessels 
 

thermocouple, gas phase

thermocouple, liquid phase

thermocouple around filter

over-temperature
protection thermocouple

heater power

insulated filter

vessel insulation & heater

gas tube to pressure manifold

heater thermocouple

reaction vessel

gas phase

tank material phase

 
Figure 1. Reaction Vessel Used in Small-Scale Gas-Generation Tests 

                                                      
(a)  Bryan SA, CM King, LR Pederson, and SV Forbes.  1996.  Thermal and Radiolytic Gas Generation from Tank 
241-SY-103 Waste:  Progress Report.  TWSFG96.17, Pacific Northwest National Laboratory, Richland, WA. 
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plate spacers

Fricke dosimeter
Cs gamma source137

(connections not shown)
reaction vessel

 
Figure 2. Diagram of Reaction Vessel Holder with Gamma Source Used in Gas-Generation Tests 

 
near the 137Cs gamma capsule (in the center of the carrousel) and Fricke dosimeters (Spinks and Woods 
1990) (when used) are also shown.  Figure 3 is a schematic diagram of the gas manifold system.  Temper-
atures and pressures are recorded every 10 seconds on a Campbell Scientific CR10 datalogger; an average 
of the data is taken every 20 minutes and saved in a computer file.   

HEPA

Pressure 
Transducer

HEPA

Pressure Gauge

Gas Line to 
System 1

To Bubbler

Gas Tube 
from Vessel 1 

Gas 
Sample 
Port

To Neon Tank 

To Datalogger 

Vacuum Pump Connection

V5

V2

V1 

V4 V3

 
Figure 3. Diagram of Pressure Manifold System Used in Gas-Generation Tests 
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 The reaction vessels are cylinders of 316L stainless steel.  The reaction space of the vessel is approx-
imately ¾ inch in diameter and 5 inches high.  Each vessel was wrapped in heating tape and insulated.  
Two thermocouples were attached to the external body of the reaction vessel, one for temperature control 
and one for over-temperature protection.  Two thermocouples were inserted through the lid.  The thermo-
couple centered in the lower half of the vessel monitors the temperature of the liquid phase; the one 
centered in the upper half monitors the gas phase temperature within the reaction vessel.  The reaction 
vessels were placed in a hot cell and connected by small inner diameter tubing (0.1016 cm ID) to the gas 
manifold outside the hot cell.  A stainless steel filter (60-micrometer pore size, Nupro) protected the 
tubing and manifold from contamination.  A thermocouple was attached to this filter as well. 
 
 The total gas in the system was calculated using the ideal gas law relationship from the pressure, 
temperature, and volume of the parts of the apparatus having different gas phase temperatures:  molestotal 
= molesvessel + molesfilter + molesmanifold and tubing.  The manifold and filter volumes were determined from 
pressure/volume relationships using a calibrated gas manifold system.  The manifold volume (the pressure 
sensor, valves, and miscellaneous fittings) was 3.99 mL, the filter volume 1.34 mL, and the tubing 
volume 4.45 mL (by calculation).  The cap stem (the tube from vessel to filter) has a volume of 0.20 mL 
to adequately account for pressure-temperature effects of the gas within the cap stem.  Half of that volume 
was added to the filter volume for a total of 1.44 mL; and half of that volume was added to the vessel 
volume.  The volume of each vessel was determined gravimetrically by filling it with water.  These 
volumes are recorded in Table 1 along with the mass of sludge added to each vessel and the gas-phase 
volume in the vessel after the sample was added.  The reproducibility of the molar gas determination 
using this manifold system has been determined experimentally.  The relative error for measuring moles 
of gas with the system has been determined.  A detailed discussion can be found in Bryan et al. (1996).  
The relative standard deviation for quantitative gas phase measurements conducted over time and 
temperature ranges similar to that of the gas-generation tests was typically less than 2%.  
 
 An atmospheric pressure gauge was attached to the datalogger.  The pressure in each system is given 
as the sum of atmospheric pressure and relative pressure in each system.  Neon, because it leaks more  
 

  Table 1. Sample Masses and Vessel Volumes Used in Small-Scale Gas-Generation Tests 
with Washed Tank AN-102 Wastes 

Thermal 
System 1 2 3 4 5 6 7 8 9 10 
Temperature 45°C 45°C 60°C 60°C 75°C 75°C 90°C 90°C 105°C 105°C
Sample mass, g 18.17 18.35 17.97 18.55 17.98 17.58 18.30 18.41 18.07 17.98 
Vessel Volumes 
  gas phase, mL 18.60 18.45 18.77 18.30 18.75 19.04 18.47 18.40 18.60 18.69 
  total, mL 32.54 32.52 32.56 32.54 32.55 32.53 32.51 32.53 32.47 32.49 

Radiolytic 
System 11 12 13 14 15 16 17 18 19 20 
Temperature 45°C 45°C 60°C 60°C 75°C 75°C 90°C 90°C 105°C 105°C
Sample mass, g 18.62 17.71 18.13 18.07 17.51 17.96 18.27 17.90 17.98 17.88 
Vessel Volumes 
  gas phase. mL 18.20 18.96 18.64 18.64 19.10 18.75 18.54 18.77 18.72 18.81 
  total, mL 32.49 32.55 32.55 32.51 32.54 32.53 32.56 32.51 32.52 32.53 
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slowly than helium from the system, was used as cover gas.  The neon was analyzed independently by 
mass spectrometry and determined to contain no impurities in concentrations significant enough to 
warrant correction. 
 
 At the start of each run, each system was purged by at least three cycles of pressurizing with neon at 
45 psi (310 kPa) and venting to the atmosphere.  The systems were at atmospheric pressure, about 745 
mm Hg (99.3 kPa), when sealed.  The sample portion of the manifold was isolated (valves V1 and V2 
closed) (see Figure) for the remainder of the run.  The vessels were then heated, adjusting the set points to 
keep the material within 1°C of the desired liquid phase temperatures.  The temperature of the gas phase 
was 5 to 25°C lower than that of the sample liquid phase.   
 
 At the end of each run, the vessels were allowed to cool overnight, then a sample of the gas was taken 
for mass spectrometry analysis.  The metal gas collection bottles were equipped with a valve and had a 
volume of approximately 75 mL (about four times the volume of the gas reaction system).  The bottle, 
after being evacuated overnight at high vacuum, was attached to the gas sample port.  Air was removed 
from the region between valves V2 and V5 (Figure 3) using a vacuum pump, then the gas sample was 
taken.  After the collection bottle was removed, the bottle and sample port were surveyed for radioactive 
contamination.  No contamination was found during these experiments.  The reaction vessel was purged 
again with neon after each sampling event and before the next reaction sequence.  For the irradiation 
experiments, the gamma source was removed from the gas-generation apparatus during gas-sampling 
events so that the length of time of heating was the same as the length of time of irradiating. 
 
 Analysis of the composition of the gas phase of each reaction vessel after each run was performed 
according to analytical procedure PNNL-MA-599 ALO-284 Rev. 1.  The amount of a specific gas formed 
during heating is given by the mole percent of each gas multiplied by the total moles of gas present in a 
system.  Duplicate samples, which were run in separate reaction vessels and sampled independently at 
each temperature, were used to assess the reproducibility and uncertainty of the rate parameters.   
 

Gases in the reaction system are well mixed.  The measured amount of argon in gas samples is an 
indicator of how much nitrogen from air has leaked into the system (the N2:Ar ratio in air is 83.6:1).  The 
nitrogen produced in the vessel is the total nitrogen minus atmospheric nitrogen.  The solubilities of 
nitrogen, hydrogen, methane, and nitrous oxide gases have been measured on simulated waste systems 
similar in composition to the liquid in AN-102 sludge (Pederson and Bryan 1996).  Less than 0.01% of 
these gases dissolve in the condensed phase, so loss of these gases due to solubility is negligible. 
 

2.2  Tank AN-102 Test Material 
 
 The AN-102 sludge sample used in gas-generation testing is a blend of samples received and proc-
essed by PNWD in FY 2000 and 2001.  The sample history is detailed in Section 2.2.1.  The compositing 
and subsampling of Tank AN-102 samples for gas-generation tests is detailed in Section 2.2.2. 
 
2.2.1  Tank AN-102 Sample History 
 

Thirty samples were obtained from Hanford Tank AN-102 in August 2000.  The samples were taken 
from riser 22 at six different tank waste heights.  The samples were shipped to the 222-S Laboratory in 
Hanford’s 200 West Area and stored.  PNWD received 27 of these samples from the 222-S Laboratory in 
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November 2000 but used only eight for characterization and process testing.  (The other 19 samples 
received in this shipment, some containing slurry and others supernatant only, were not used to support 
this work.)  These eight samples were obtained at the sampling location 190 cm (76 inches) from the 
bottom of the tank at the sludge/supernatant interface and contained a large (nominally 50% by volume) 
solids/sludge fraction.  The samples were not necessarily representative of the entire tank contents. 

 
The net weight of each of the high-level-waste (HLW) samples retrieved from Tank AN-102 was 600 

to 700 g.(a)  Each sample arrived in a 500-mL bottle and consisted of wet solids plus supernatant.  Upon 
receipt at the HLRF, the AN-102 samples were inspected visually, and the inspection was documented.(b)  
All bottles and lids were in good condition.  All samples were similar in appearance, comprising a large 
amount of light-brown settled solids and a dark brownish/black liquid.  An organic layer could not be 
discerned because of the dark color of the supernatant.  No specific crystalline phases were apparent.  
Inspection results are provided in Table 2. 

 
 

Table 2.  AN-102 HLW Samples Received(a)  

Bottle 
Label 222-S ID 

Net Mass 
Recovered, g 

Visual 
Appearance 

Settled Solids 

Approximate 
Solids 

Volume, mL
Visual Appearance 

Supernatant 

Approximate 
Supernatant 
Volume, mL

2AN-00-21 S00T001598 671 Light brown solids 100 Dark brown to black  400 
2AN-00-24 S00T001602 669 Light brown solids 275 Dark brown to black 225 
2AN-00-25 S00T001664 658 (b) Light brown solids 100 Dark brown to black 400 
2AN-00-26 S00T001665 687 Light brown solids 300 dark brown to black 200 
2AN-00-27 S00T001666 669 Light brown solids 200 Dark brown to black 300 
2AN-00-28 S00T001667 673 Light brown solids 200 Dark brown to black 300 
2AN-00-29 S00T001662 670 Light brown solids 300 Dark brown to black 200 
2AN-00-30 S00T001663 690 Light brown solids 250 Dark brown to black 250 
Total mass received 5388     
(a)  No crystalline phases were present in any of the samples received.  
(b)  137 g of supernatant were removed from this sample, leaving 521 g.  This supernatant was used for Sr/TRU 
(transuranic) removal testing. 
 

2.2.2  Tank AN-102 Sample Compositing and Subsampling for Gas-Generation Tests 
 
The objective of compositing the AN-102 samples is to provide homogeneous feed to tasks within the 

project.  The feed is used to support characterization as well as process testing.  The homogenization and 
subsampling are summarized in Figure 4. (c) 

                                                      
(a)  Seidel CM to DJ Hart.  November 2, 2000.  “Shipment of AN-102 to Pacific Northwest National Laboratory.”  
Internal memorandum 8G00-CMS-00-028, Fluor Hanford Inc., Richland, WA. 
(b)  Bredt P.  2000. PNNL Test Instruction “AN-102 Sample Inspection.”  TI-41500-009, PNNL, Richland, WA.   
(c)  Urie MW, SK Fiskum, JA Campbell, OT Farmer, LR Greenwood, EW Hoppe, GM Mong, CZ Soderquist, 
RG Swoboda, MP Thomas, and JJ Wagner.  2001.  Chemical Analysis and Physical Property Testing of 241-AN-102 
Tank Waste Supernatant and Centrifuged Solids.  WTP-RPT-020, PNWD, Richland, WA. 
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AN-102 Slurry Samples  
Bottle #       Net Waste Wt (g) 
2AN-00-21  671 
2AN-00-24  669 
2AN-00-25  658 
2AN-00-26  687 
2AN-00-27  669 
2AN-00-28  673 
2AN-00-29  670 
2AN-00-30  690 
         Total  5387 

AN-102-00-25 
Settle/Extract Supernatant Sr/TRU Test 

Physical State: Supernatant 

Large Particles

Subsample into Individual Jars 
Jar ID    Mass (g) / Vol (mL)      Jar ID Mass (g) / Vol (mL) 
AN-102 AR-A 163 / 114(a) AN-102 AR-I 160 / 110 
AN-102 AR-B 166 / 116(a) AN-102 AR-J 585 / 393 
AN-102 AR-C 161 / 113(a) AN-102 AR-K 590 / 396 
AN-102 AR-D 160 / 111 AN-102 AR-L 597 / 402 
AN-102 AR-E 168 / 116 AN-102 AR-M 605 / 408 
AN-102 AR-F 149 / 103 AN-102 AR-N 605 / 405 
AN-102 AR-G 162 / 113 AN-102 AR-O 596 / 402 
AN-102 AR-H 147 / ----  
  Sum 5015 / --- 
(a) From initial homogenization test 

137 g 

8 g 
Sieve to 
Remove Large 
Particles 

Composite and Homogenize in 
Mixing Vessel 

Supernatant 

658 g 

521 g 

4752 g 

228 g 
Material 
Losses

Initial Homogenization Test  
AN-102 AR-A  163 g / 114 mL 
AN-102 AR-B  166 g / 116 mL 
AN-102 AR-C  161 g / 113 mL 

5250 g 

5242 g 

490 g 

 
Figure 4.  Flow Diagram of AN-102 Tank Slurry Receiving, Homogenizing, and Subsampling 
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Before compositing, 137 g of supernatant was removed from bottle number 2AN-00-25 to conduct 
Sr/TRU process testing (these results will be presented in a separate report).  Then all materials in the 
eight bottles were passed through a 2.38-mm (3/32-inch) sieve to remove large particles.  The transferred 
material was collected in an 8-L stainless steel mixing vessel.  Clumps of agglomerated material were 
retained on the sieve.  Most of this material was pushed through the sieve with a glass stopper.  A total of 
7.8 g (mass after more than eight hours of drying time) of large particles could not be crushed with a glass 
stopper and were trapped on the screen.  Characteristics of these particles were not inconsistent with 
gravel; however, definitive identification could not be made.  The particles were later discarded. 
 

The AN-102 HLW was homogenized in the mixing vessel equipped with a dual-bladed impeller.  
Material was stirred with the impeller for about 70 minutes at 31.5oC (the ambient hot cell temperature) 
for thorough homogenization.  With the impeller running, a 100-mL portion was removed through the 
¾-inch valve on the bottom of the vessel to flush the valve and connecting tube.  This flush material was 
poured back into the mixing vessel.  Initially, three 100-mL samples collected from the mixing vessel for 
homogenization evaluation were placed into volume-graduated glass jars numbered AN-102 AR-A 
through AN-102 AR-C (“AR” indicates “as-received”).  The volume percent (vol%) settled solids was 
determined on each and found to be consistent within 1%.  The remaining contents of the mixing vessel 
were stirred and collected into 12 additional volume-graduated glass jars labeled AN-102 AR-D through 
AN-102 AR-O.  Sample AN-102 AR-H was used immediately for physical properties testing.  The 
remaining 14 jars were left undisturbed for six to seven days and showed no signs of crystallization of the 
liquid phase or organic layer formation following the hold time.   
 

The total volume of material in each of the 14 jars and the volume of settled solids were recorded 
after the seven-day settling period and used to calculate the vol% settled solids.  Table 3 lists the calcu-
lated mass, volume, and vol% settled solids for each subsample.  According to the test specification, the 
absolute standard deviation of the vol% settled solids of the 14 subsamples must be less than 5%.  Con-
stant vol% settled solids is one measure of homogeneity.  The average vol% settled solids of as-received 
homogenized subsamples was 70% with a standard deviation of ±2.5%.  As shown in Table 3, the 
subsamples collected in the jars from the compositing vessel met the test specification for homogeneity.  
 

Subsamples AN-102 -A, -B, -C, -D, -F, -G, and -I were selected for inorganic, radiochemical, and 
organic characterization analyses and were transferred from the HLRF to the Shielded Analytical 
Laboratory (SAL) for processing and analysis.  Subsamples AN-102 AR-J, -K, -L, -M, and -N were 
selected for gas-generation testing. 

 
The sample preparation scheme used to prepare the AN-102 samples for gas-generation testing is 

shown in Figure 5.  The sample preparation is described in test instruction TI-RPP-WTP-074 Rev. 1.(a)  
The general plan was to take a representative composite sample of AN-102 (as-received from Test Plan 
BNFL-TP-41500-015), separate the standing liquid settled by gravity from this sample, then wash the 
sample with inhibited water (0.01 M NaOH) three times.  Each inhibited water wash was gravity settled 
and the supernate decanted.  There was mass loss due to water evaporation during the mixing, settling, 
decanting stages in the hot cell, consistent with that observed in other tank waste homogenizations.(b)   

                                                      
(a)  Bryan SA and RD Scheele. 2001.  Energetics and Gas Generation.  TP-RPP-WTP-066, PNWD, Richland, WA. 
(b)  Bredt, PR.  2001.  AZ-101 Sample Homogenization.  TI-RPP-WTP-095 Rev. 0, PNWD, Richland, WA. 
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Table 3. AN-102 As-Received Composite Subsamples Collected from 
Homogenization Vessel 

Jar ID 

Sample 
Mass  

(g) 

Sample 
Volume  

(mL) 

Vol% Settled 
Solids 

(visual) 
AN-102 AR-A 163 114 72.8 
AN-102 AR-B 166 116 72.4 
AN-102 AR-C 161 113 73.5 
AN-102 AR-D 160 111 69.8 
AN-102 AR-E 168 116 71.1 
AN-102 AR-F 149 103 72.8 
AN-102 AR-G 162 113 70.8 
AN-102 AR-H 147 NA NA 
AN-102 AR-I 160 110 71.8 
AN-102 AR-J 585 393 67.7 
AN-102 AR-K 590 396 70.1 
AN-102 AR-L 597 402 68.4 
AN-102 AR-M 605 408 68.1 
AN-102 AR-N 605 405 67.2 
AN-102 AR-O 596 402 65.4 
Average   70.1 
Standard Deviation (1σ)   2.5 
NA- Not available.  Sample H was immediately removed for physical testing, so 
data on settled volumes were not collected. 

 
 
The homogenization of the AN-102 sludge sample was performed using a mixing vessel equipped 

with a dual-bladed impeller (Figure 6).  Material was stirred with the impeller for one hour at 31.5oC (the 
ambient hot cell temperature) to thoroughly homogenize the material.  With the impeller running, a 
100-mL portion was removed through the ¾ inch valve on the bottom of the vessel to flush the valve and 
connecting tube.  This flush material was poured back into the mixing vessel.  It was evident from ob-
serving the mixing action that the sample was well mixed.  Figure 7 is an in-cell photo showing the 
blending of the AN-102 sample in the homogenization vessel.  After each of three washes, the sample was 
gravity settled and the standing supernate decanted (see Sample Preparation Scheme in Figure 5). 

 
Figure 8 shows the AN-102 samples after the third wash, after they were allowed to settle overnight 

and before the supernate was decanted from the surface of the solids.  The solids obtained after this third 
decant were used in the gas-generation tests in this report.  
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AN-102 solids 
1817.42 g

AN-102 test material 
as-received from BNFL-TP-41500-015

Sub-samples AN-102 AR-J, AR-K, AR-L, AR-M, and AR-N
(2129.51g)

AN-102 liquid decant
312.09 g

Decant as-received sample

AN-102 solids 
1817.42 g

Inhibited water added 
(0.01 NaOH)

998.12 g

1st wash  with 
inhibited water

AN-102 solids 
(from 1st wash)
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2nd wash  with 
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AN-102 1st wash liquid decant
1446.5 g
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(from 2nd wash)
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in gas generation testing

AN-102 solids 
1817.42 g

AN-102 test material 
as-received from BNFL-TP-41500-015

Sub-samples AN-102 AR-J, AR-K, AR-L, AR-M, and AR-N
(2129.51g)

AN-102 liquid decant
312.09 g

Decant as-received sample

AN-102 solids 
1817.42 g

Inhibited water added 
(0.01 NaOH)

998.12 g

1st wash  with 
inhibited water

AN-102 solids 
(from 1st wash)

Inhibited water added 
474.3 g

2nd wash  with 
inhibited water

AN-102 1st wash liquid decant
1446.5 g

AN-102 2nd wash liquid decant
612.9 g

AN-102 solids 
(from 2nd wash)

Inhibited water added 
503.6 g

3rd wash  with 
inhibited water

AN-102 3rd wash liquid decant
654.2 g

AN-102 solids 
(from 3rd wash)
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(liquid decanted)

(liquid decanted)

AN-102 solids from 3rd wash used 
in gas generation testing

 
 Figure 5. Sample Preparation Scheme for Washing AN-102 Samples Used in Gas-Generation Tests  



 

12  

 
 

   Figure 6. Mixer Used to Homogenize AN-102 Material (taken with digital camera 
inside the hot cell using incandescent light) 
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  Figure 7. AN-102 Material Being Blended within Homogenization Vessel with Inhibited Water 

Added (taken with digital camera inside the hot cell using incandescent light) 

 
 Figure 8. Homogenized AN-102 Material after Third Wash Step and before Liquid Decant.  

The samples were allowed to settle overnight before the supernate was decanted.  
Collectively, the glass jars contain 701g of AN-102 washed solids after liquid 
decant (taken with digital camera inside the hot cell using incandescent light)  
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2.3  Self-Dose Rate from Radionuclide Inventory in AN-102 Samples 
 
 The self-dose rate for Tank AN-102 material in the gas-generation reaction vessel was calculated 
based on the measured chemical and radiochemical content of the test sample.  The self-dose rate is 
needed to correct for radiolytic generation from self-radiolysis of the sample.  The measured radio-
nuclides are 137Cs (99.9 µCi/g), 90Sr (828.8 µCi/g), 60Co (0.046 µCi/g), 154Eu (2.32 µCi/g), and 155Eu 
(1.42 µCi/g).  Sources of measured alpha radiation are  241Am (1.96 µCi/g), 243/244Cm (0.068 µCi/g), total 
alpha (2.60 µCi/g); the difference between the sum of Cm and Am compared to total alpha is presumably 
due to the presence of Pu activity in the sample.  Chemical constituents include fluoride, (0.17 wt%), 
chloride (0.07 wt%), nitrite (1.79 wt%), nitrate (4.08 wt%), phosphate (0.28 wt%), sulfate (0.49 wt%), 
oxalate (8.92 wt%), hydroxide (0.55 wt%), aluminum (13.13 wt%), sodium (16.3 wt%), chromium 
(0.96 wt%), manganese (0.15 wt%), and water (52.5 wt%).  The chemical and radiochemical data are 
reported on a wet, washed solids basis..   
 

The dose rate in a reaction vessel was calculated by the PNWD Dosimetry Research and Technology 
Group using MCNP version 4B (Monte Carlo N-Particle Transport Code System) (Briesmeister 1997).  
This program uses the Monte Carlo method, in which radiation is emitted in random directions from 
random locations in the sample.  The probability of the radiation being either absorbed or scattered by the 
sample and of its being reflected from the container wall back into the sample is known.  The reaction 
vessel (316L stainless steel construction) was modeled as a cylinder with 0.035-inch-thick steel walls, in-
side diameter of 0.680 inch, height 5.5 inches, base thickness 0.185 inch, and lid thickness 0.210 inch.  
Input to the program includes the composition of the walls, the composition of the bulk of the sample, and 
the radionuclides present.  The output is the amount of radiation absorbed by the sample averaged over its 
entirety.  Table 4 contains the calculated dose rates for the waste sample in the small reaction vessel 
(~32.5 mL).  Using the same waste volume for comparison, the dose rate was calculated for a much larger 
vessel, a tank 10 m high and 10 m in diameter (758 m3).  A large difference exists in the gamma dose rate 
term due to edge-loss of gamma in the small reaction vessel configuration.  Because essentially all the 
beta and alpha radiation is absorbed (or reflected back) in the sample and most of the dose is from beta 
sources, the total dose rate from the small vessel (2076 R/h) is fairly close to the dose rate calculated form 
the much larger vessel. 

 
The dose rate in a reaction vessel with the 137Cs capsule placed in the middle of the vessel holder was 

determined by Fricke dosimetry, as described in King et al. (1997).  The externally applied dose rate from 
the 137Cs capsule measured within the reaction vessel was 31,300 R/hr (average of four determinations) 
with a relative standard deviation of 18%.  Correcting for the half-life of 137Cs (30 yr), this measurement 
is consistent with that made by King et al. (1997) for the same 137Cs gamma capsule.  When the 137Cs 
gamma capsule was used, the dose rate received by the sample from external (31,300 R/hr) and internal 
(2076 R/hr) sources totaled 33,400 R/hr. 
 

Table 4.  Calculated Self-Radiolysis Dose Rates from AN-102 Waste  
in a Small Reaction Vessel and Large Tank (R/hr)   

 Gamma Beta Alpha Total 
Vessel 5 2,044 27.2 2,076 
Tank 122 2,044 27.2 2,193 
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3.0  Gas Generation from Tank AN-102 Sludge Samples 
 
 Hanford tank waste produces gas as a function of the thermal and radiolytic aging of its components.  
To assess the relative contributions of thermal and radiolytic components, gas generation was measured 
from washed Tank AN-102 material under both thermal and radiolytic conditions.  By isolating and 
measuring these components of gas generation, we can predict the gas-generation behavior of the waste 
under current tank conditions or under other conditions that may arise over time.  
 
 The percent composition and generation rates for gas generation under thermal conditions and 
radiolytic conditions are described in Section 3.1.  Thermal activation parameters from standard 
Arrhenius treatment of the thermal experiments and G-value determinations from the radiolytic 
experiments are reported in Section 3.2. 
 

3.1  Composition and Rates of Gas Generation from AN-102 Waste 
 
 Two sets of measurements were made on washed Tank AN-102 material, one in the presence of 
(radiolytic) and one in the absence of (thermal) external radiation.  The measurements were run in 
duplicate at five temperatures, requiring 10 reaction vessels for each set of measurements.  Both thermal 
and radiolytic measurements were made at 45°, 60°, 75°, 90°, and 105°C.  Each vessel was loaded with 
the washed Tank AN-102 composite.  Gas samples were taken from the vessels periodically.  After each 
gas sample was taken, the vessel was purged with neon gas to remove previously generated gases before 
resuming gas generation.  Gas-generation rates were determined for each gas sample from the heating 
time, the percent composition of the gas, the total moles of gas in each system when the sample was 
taken, and the mass of tank material present in each reaction vessel.  Section 3.1.1 presents the thermal 
results, and Section 3.1.2 presents the radiolytic results.   

 

3.1.1  Thermal Gas Generation from Tank AN-102 Waste Sample 
 
 This section contains the thermal gas-generation data produced by heating material in duplicate 
reaction vessels at 45°, 60°, 75°, 90°, and 105°C in the absence of external radiation.  The total amount of 
gas produced versus heating time was calculated for all 10 reaction vessels.  To obtain separate rates for 
each gas present, gas samples were analyzed by mass spectroscopy.  The mole percent composition of 
these gas samples is given in Table 5.  Of more interest are the relative amounts of gases generated, which 
are presented in the shaded areas.  The composition of gas formed during heating is derived from the 
composition of sampled gas by excluding the neon cover gas, argon, nitrogen from atmospheric contam-
ination, and oxygen.  For example, if analysis found 80% neon, 15% nitrous oxide, and 5% hydrogen, the 
composition of gas formed by excluding neon would be 75% N2O and 25% H2.  The uncertainties in all 
the entries in this table are approximately plus or minus one in the last digit. 
 
 In the tables of percent composition and rates, a run number and a letter identify the reaction vessel 
and the gas-sampling event, respectively.  For example, entries for runs 1a and 2a give data at the first 
gas-sampling event for vessels 1 and 2, which happen to be duplicates at 45°C. 
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Table 5. Mole Percent Composition Thermal Gas Sampled (including Ne) and Gas Formed (shaded), 
and Heating Times of Duplicate Systems at Three Temperatures (no external radiation source)(a) 

Mole Percent of Gas Formed at 45°C 

Run Ne Ar H2 N2 N2O O2 CO2 CH4 
other 

hydrocarbons Time, h

1a 99.57 0.004 0.022 0.27 0.05 0.022 0.064   307 
   14 15 30  41    

1b 99.67 0.002 0.028 0.17 0.054 0.016 0.063   375 
   12 37 24  28    

2a 99.65 0.003 0.031 0.23 0.064 0.007 0.018   307 
   18 34 37  11    

2b 99.72 0.002 0.037 0.16 0.069 0.011 0.009   375 
   20 39 37  5    

Mole Percent of Gas Formed at 60°C 

Run Ne Ar H2 N2 N2O O2 CO2 CH4 
other 

hydrocarbons Time, h

3a 99.53 0.003 0.029 0.31 0.062 0.05 0.02   307 
   12 55 25 0.06 8    

3b 99.57 0.003 0.034 0.301 0.05 0.04 0.005   375 
   15 60 22  2    

4a 29.6 0.66 0.009 55 0.02 14.8 0.03   307 
   27  59  14    

4b 99.69 0.002 0.041 0.17 0.065 0.03 0.008   375 
   20 43 32 1.3 4    

Mole Percent of Gas Formed at 75°C 

Run Ne Ar H2 N2 N2O O2 CO2 CH4 
other 

hydrocarbons Time, h

5a 99.39 0.002 0.06 0.33 0.164 0.04 0.02   307 
   11 49 32 3 4    

5b 99.4 0.002 0.054 0.25 0.25 0.02 0.02   375 
   11 34 51  3    

6a 99.42 0.002 0.06 0.29 0.179 0.03 0.02 0.002  306 
   12 43 38 2.2 4 0.4   

6b 99.47  0.06 0.19 0.249 0.02 0.02   375 
   11 36 47 3.4 3    

Mole Percent of Gas Formed at 90°C 

Run Ne Ar H2 N2 N2O O2 CO2 CH4 
other 

hydrocarbons Time, h

7a 98.39 0.005 0.09 0.6 0.85 0.03 0.02 0.002 0.003 306 
   7.2 22 68.3  2 0.16 0.2  

7b 98.6 0.003 0.071 0.4 0.95 0.01  0.00 0.001 375 
   5.7 18 76.2   0.16 0.08  

8a 98.59 0.003 0.10 0.4 0.81 0.044 0.01 0.001 0.003 306 
   8.7 22 67.8  1 0.08 0.3  

8b 97.5 0.011 0.088 1.3 0.96 0.163    375 
   5.8 31 63.1      

Mole Percent of Gas Formed at 105°C 

Run Ne Ar H2 N2 N2O O2 CO2 CH4 
other 

hydrocarbons Time, h

9a 95.8 0.003 0.24 1.2 2.7 0.04  0.006 0.007 305 
   5.9 26 68.0   0.15 0.2  

9b 96.4 0.001 0.17 1.0 2.4 0.03  0.01  375 
   4.9 25 69.4 0.1  0.20   

10a 95.6 0.003 0.21 1.2 3 0.037  0.008 0.007 301 
   5.0 24 70.7   0.19 0.2  

10b 96.3 0.001 0.15 0.9 2.7 0.022  0.01 0.001 375 
   4.0 22 73.7   0.25 0.03  

(a)  Blank entries are below detection limits. 
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 Argon was used to indicate atmospheric contamination because it was not present in the cover gas 
and was not produced from the waste.  Any nitrogen present could have been generated by the waste or 
come from atmospheric contamination.  The percent nitrogen generated is given by the percent nitrogen 
found minus 83.6 times the percent argon in the sample (the ratio of nitrogen to argon in dry air is 83.6).  
The uncertainty of approximately 0.001 in argon values translates to an uncertainty of 0.08 in the percent 
nitrogen produced.  The argon-corrected percent nitrogen in the runs at 60°C is only about 50% higher 
than this value.  The rate of oxygen generation cannot be determined by the present experiment because 
tank material consumes oxygen when it is heated (Person 1996).  The uncertainty in the argon values 
translates to an uncertainty of 0.02 in the percent oxygen produced.  The percent oxygen found in the 
samples was always less than this value and often negative, indicating that it was indeed being consumed. 
 

The mole percent composition for the initial gas samples at each temperature is shown graphically in 
Figure 9.  The percent hydrogen decreased slightly with temperature, and the percent nitrous oxide 
increased with temperature.  Using the percent composition data, reaction times, and mass of each sample, 
rates of gas generation were determined as a function of temperature and are given in Table 6. 

 
The composition of carbon dioxide (after correction from atmospheric contamination sources) is sig-

nificant in the low-temperature data and decreases with increasing temperature (Figure 9).  High concen-
trations of carbon dioxide are generally not observed in Hanford tank waste samples studied in the past 
(Bryan et al. 1996).(a,b,c)  Presumably, this is because the CO2 is rapidly absorbed by the high caustic in 
tank waste; but with the low caustic environment of this experiment, there probably was not enough  
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 Figure 9. Percent Composition of Major Gas Products from Thermal Reactions of AN-102 Waste 

as a Function of Temperature.  Error bars give the range of duplicate samples. 

                                                      
(a)  Bryan SA and CM King.  1998a.  Thermal and Radiolytic Gas Generation from Tank 241-AW-101 Waste:  
Status Report.  TWS98.39.  Pacific Northwest National Laboratory, Richland, WA. 
(b)  Bryan SA and CM King.  1998b.  Thermal and Radiolytic Gas Generation from Tank 241-A-101 Waste:  Status 
Report.  TWS98.78, Pacific Northwest National Laboratory, Richland, WA. 
(c)  King CM and SA Bryan.  1998.  Thermal and Radiolytic Gas Generation from Tank 241-S-106 Waste:  Status 
Report.  TWS98.78, Pacific Northwest National Laboratory, Richland, WA. 
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Table 6. Gas-Generation Rates from Thermal Treatment of Washed AN-102 Material in the Absence of 
an External Radiation Source.  Rates are expressed in moles of gas generated per kg of total 
sample (wet AN-102 sludge) per day or mol/kg/day. 

45°C Gas-Generation Rates, mol/kg/day 

Run H2 N2 N2O O2 CO2 CH4 
other 

hydrocarbons Total 

1a 9.9E-7 1.0E-6 2.1E-6  2.9E-06   7.0E-6 
1b 1.0E-6 3.0E-6 1.9E-6  2.3E-06   8.2E-6 
2a 1.4E-6 2.6E-6 2.8E-6  8.0E-07   7.6E-6 
2b 1.3E-6 2.5E-6 2.4E-6  3.2E-07   6.6E-6 

60°C Gas-Generation Rates, mol/kg/day 

Run H2 N2 N2O O2 CO2 CH4 
other 

hydrocarbons Total 

3a 1.3E-6 6.4E-6 2.8E-6 6.6E-9 9.6E-07   1.2E-5 
3b 1.3E-6 5.0E-6 1.9E-6  1.9E-07   8.3E-6 
4a 1.3E-6  2.9E-6  7.1E-07   4.9E-6 
4b 1.4E-6 3.1E-6 2.3E-6 9.0E-8 2.8E-07   7.2E-6 

75°C Gas-Generation Rates, mol/kg/day 

Run H2 N2 N2O O2 CO2 CH4 
other 

hydrocarbons Total 

5a 2.6E-6 1.1E-5 7.6E-6 7.2E-7 9.7E-07   2.3E-5 
5b 2.0E-6 6.1E-6 9.2E-6  6.3E-07   1.8E-5 
6a 2.7E-6 9.8E-6 8.5E-6 5.0E-7 1.0E-06 9.5E-8  2.3E-5 
6b 2.3E-6 7.3E-6 9.5E-6 6.9E-7 5.7E-07   2.0E-5 

90°C Gas-Generation Rates, mol/kg/day 

Run H2 N2 N2O O2 CO2 CH4 
other 

hydrocarbons Total 

7a 4.1E-6 1.2E-5 3.8E-5  1.1E-06 9.0E-8 1.4E-7 5.6E-5 
7b 2.6E-6 8.2E-6 3.5E-5   7.4E-8 3.7E-8 4.6E-5 
8a 4.6E-6 1.2E-5 3.6E-5  6.2E-07 4.4E-8 1.3E-7 5.3E-5 
8b 3.1E-6 1.7E-5 3.4E-5     5.3E-5 

105°C Gas-Generation Rates, mol/kg/day 

Run H2 N2 N2O O2 CO2 CH4 
other 

hydrocarbons Total 

9a 1.2E-5 5.4E-5 1.4E-4   3.2E-7 3.7E-7 2.1E-4 
9b 7.0E-6 3.7E-5 1.0E-4 1.5E-7  2.9E-7  1.4E-4 
10a 1.0E-5 5.0E-5 1.5E-4   3.9E-7 3.4E-7 2.1E-4 
10b 5.8E-6 3.2E-5 1.1E-4   3.5E-7 3.9E-8 1.4E-4 

 
caustic to do the job.  The rate of carbon dioxide generation is observed to decrease with increasing 
temperature.  All other gases generated in the AN-102 washed sludge sample are observed to increase the 
generation rate with increasing temperature.  The reason for a decrease in carbon dioxide generation is not 
understood. 
 
3.1.2  Radiolytic Gas Generation from Tank AN-102 Waste 
 
 This section contains the data from enhancing radiolytic gas generation by placing a 137Cs source 
(gamma capsule) next to the reaction vessels while heating the material in the reaction vessels to tempera-
tures of 45°, 60°, 75°, 90°, and 105°C.  Two gas samples were taken from each of the 10 reaction vessels.  
The mole percent composition of the gas sampled at the end of each run is given in Table 7.  The rates of 
gas generation from each run are given in Table 8.  
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Table 7. Mole Percent Composition of Radiolytic Gas Sampled (including Ne) and Formed (shaded), 
and Heating Times of Duplicate Systems at Five Temperatures (external radiation source)(a) 

Mole Percent of Gas Formed at 45°C 

Run Ne Ar H2 N2 N2O O2 CO2 CH4 
other 

hydrocarbons Time, h

11a 34.5 0.61 0.176 51.0 0.229 13.4 0.009 0.002  162 
   26.2 41.6 34.0   0.3   

11b 97.8 0.002 0.56 0.75 0.84 0.018  0.01  162 
   27.0 32.2 40.6   0.2   

12a 98.7 0.002 0.314 0.49 0.45 0.036  0.00  162 
   26 34.2 37.9 1.1  0.3   

12b 97.6 0.004 0.53 1.1 0.72 0.025  0.01  162 
   25.2 40.4 34.2   0.2   

Mole Percent of Gas Formed at 60°C 

Run Ne Ar H2 N2 N2O O2 CO2 CH4 
other 

hydrocarbons Time, h

13a 98.7 0.003 0.30 0.5 0.52 0.03  0.004  161 
   26.1 27.6 45.9   0.4   

13b 97.8 0.002 0.53 0.83 0.82 0.025  0.01  162 
   25.2 35.5 39.0 0.1  0.3   

14a 98.2 0.003 0.47 0.61 0.66 0.027  0.01  161 
   30 28.0 41.8   0.3   

14b 97.7 0.001 0.60 0.76 0.91 0.013  0.01  162 
   27.4 30.9 41.5   0.3   

Mole Percent of Gas Formed at 75°C 

Run Ne Ar H2 N2 N2O O2 CO2 CH4 
other 

hydrocarbons Time, h

15a 98.3 0.002 0.43 0.5 0.660 0.03  0.004  161 
   27.7 29.4 42.5 0.2  0.3   

15b 98.2 0.001 0.47 0.49 0.82 0.015  0.004  162 
   27.6 23.9 48.2   0.2   

16a 98.3 0.001 0.44 0.448 0.74 0.02  0.00  161 
   29 23.5 47.7   0.3   

16b 97.9 0.001 0.59 0.51 0.98 0.006  0.01  162 
   29.5 21.3 49.0   0.2   

Mole Percent of Gas Formed at 90°C 

Run Ne Ar H2 N2 N2O O2 CO2 CH4 
other 

hydrocarbons Time, h

17a 97.2 0.002 0.74 0.9 1.05 0.02  0.009 0.004 161 
   27.8 32.2 39.5   0.3 0.150  

17b 97.5 0.001 0.73 0.8 0.98 0.017  0.01 0.006 162 
   29.9 29.3 40.1   0.4 0.246  

18a 96.2 0.018 0.48 2.19 0.69 0.4  0.01  161 
   24 39.2 35.1 1.0  0.3   

18b 96.5 0.018 0.37 2.02 0.73 0.319  0.01 0.002 162 
   21.6 35.2 42.9   0.3 0.1  

Mole Percent of Gas Formed at 105°C 

Run Ne Ar H2 N2 N2O O2 CO2 CH4 
other 

hydrocarbons Time, h

19a 97.6  0.73 0.7 0.95 0.0  0.008 0.002 161 
   30.3 29.5 39.4 0.4  0.3 0.083  

19b 97.2  0.87 0.67 1.21 0.008  0.01 0.010 162 
   31.3 24.1 43.5 0.3  0.4 0.360  

20a 97 0.003 0.86 0.94 1.15 0.047  0.01 0.005 161 
   31 27.6 41.1 0.08  0.3 0.179  

20b 96.2  1.31 0.94 1.55 0.01  0.02 0.012 162 
   34.1 24.5 40.4 0.3  0.4 0.3  

(a)  Blank entries are below detection limits. 
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Table 8. Gas-Generation Rates from Radiolytic Treatment of Tank AN-102 Material in the Presence of 
an External Radiation Source.  Rates are expressed in moles gas generated per kg of total 
sample (wet AN-102 sludge) per day; or mol/kg/day. 

45°C Gas-Generation Rates, mol/kg/day 

Run H2 N2 N2O O2 CO2 CH4 
other 

hydrocarbons Total 

11a 4.2E-5 6.6E-5 5.4E-5   4.4E-7  1.6E-4 
11b 4.7E-5 5.6E-5 7.1E-5   4.2E-7  1.7E-4 
12a 2.9E-5 3.7E-5 4.1E-5 1.2E-6  2.7E-7  1.1E-4 
12b 4.8E-5 7.7E-5 6.5E-5   4.5E-7  1.9E-4 

60°C Gas-Generation Rates, mol/kg/day 

Run H2 N2 N2O O2 CO2 CH4 
other 

hydrocarbons Total 

13a 2.7E-5 2.8E-5 4.7E-5   3.6E-7  1.0E-4 
13b 4.7E-5 6.6E-5 7.3E-5 2.3E-7  5.3E-7  1.9E-4 
14a 4.3E-5 4.0E-5 6.0E-5   4.5E-7  1.4E-4 
14b 5.4E-5 6.1E-5 8.1E-5   5.4E-7  2.0E-4 

75°C Gas-Generation Rates, mol/kg/day 

Run H2 N2 N2O O2 CO2 CH4 
other 

hydrocarbons Total 

15a 4.0E-5 4.3E-5 6.2E-5 2.4E-7  3.7E-7  1.5E-4 
15b 4.3E-5 3.8E-5 7.6E-5   3.7E-7  1.6E-4 
16a 4.1E-5 3.3E-5 6.8E-5   3.7E-7  1.4E-4 
16b 5.4E-5 3.9E-5 8.9E-5   4.5E-7  1.8E-4 

90°C Gas-Generation Rates, mol/kg/day 

Run H2 N2 N2O O2 CO2 CH4 
other 

hydrocarbons Total 

17a 6.6E-5 7.6E-5 9.3E-5   8.0E-7 3.6E-7 2.4E-4 
17b 6.4E-5 6.3E-5 8.6E-5   7.9E-7 5.3E-7 2.1E-4 
18a 4.3E-5 6.9E-5 6.2E-5 1.7E-6  5.4E-7  1.8E-4 
18b 3.3E-5 5.3E-5 6.5E-5   4.5E-7 1.8E-7 1.5E-4 

105°C Gas-Generation Rates, mol/kg/day 

Run H2 N2 N2O O2 CO2 CH4 
other 

hydrocarbons Total 

19a 7.3E-5 7.1E-5 9.5E-5 9.0E-7  8.0E-7 2.0E-7 2.4E-4 
19b 8.5E-5 6.6E-5 1.2E-4 7.9E-7  1.1E-6 9.8E-7 2.7E-4 
20a 8.0E-5 7.2E-5 1.1E-4 2.0E-7  7.4E-7 4.6E-7 2.6E-4 
20b 1.2E-4 8.6E-5 1.4E-4 9.1E-7  1.4E-6 1.1E-6 3.5E-4 

 

3.2   Thermal and Radiolytic Rate Parameters for Gas Generation from  
Tank AN-102 Waste 

 
 The three most important mechanisms for gas generation from wastes contained in Hanford tanks 
have been determined to be 1) radiolytic decomposition of water and some organic species; 2) thermally 
driven chemical reactions, mainly involving organic complexants, solvents, and other solution species; 
and 3) chemical decomposition of the steel tank walls (Johnson et al. 1997).  The total gas-generation rate 
is the sum of the radiolytic, thermal, and corrosion rates: 
 
 Total Rate = Radiolytic Rate + Thermal Rate + Corrosion Rate (3.1) 
 
Because radiolytic and thermal rates dominate (Johnson et al. 1997), they are the focus of these 
experiments.   
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The thermal rate varies with temperature.  The relation between thermal rate constant, k, at different 
temperatures is given by the Arrhenius equation: 

 

    







 −

= RT
Ea

Aek   (3.2) 
 
where R is the gas constant, 8.314 J/K-mol, T is the temperature in Kelvin, Ea is the activation energy, and 
A is the pre-exponential factor.  The initial thermal rate is assumed to be zero-order (Espenson 1981), in 
which case the rate constant is equivalent to the observed rate.  Values of Ea and A can then be determined 
from the rates measured in the reaction vessels.  The equation allows the thermal rates to be calculated at 
temperatures where the rate is so slow it is difficult to measure directly.   
 
 The radiolytic rate at a given temperature is determined experimentally by measuring the difference 
between rates measured in the presence and absence of external radiation.  The G-value, a dose-
independent rate, is related to the radiolytic rate by equation 3:   
 

 )1002.4(
(R/hr) rate Dose

y)(mol/kg/da rate Radiolytic eV) cules/100value(mole-G 7××=  (3.3) 

 
The constant 4.02 x 107 is a unit conversion factor.  The 95% confidence interval for the thermal rates 

is obtained from the thermal data.  The 95% confidence interval rates measured in the presence of ex-
ternal radiation are estimated at given temperatures as half the range of the duplicate measurements.  
Radiolytic rates have been observed to be essentially temperature-independent over the temperature range 
studied both in water radiolysis (Draganic and Draganic 1971) and in the radiolytic rates measured in 
Hanford waste tank material.(a,b,c)   
 
 The activation energy for the initial rate of gas formation for each thermal gas reaction system was 
estimated from gas composition and generation data for sample “a” from each run (approximately the 
initial 300-hour reaction time) (Tables 6 and 8).  A plot of the total gas generated is shown in Figure 10.  
This figure shows the total gas generated from washed AN-102 waste under self radiolysis and high dose 
conditions.  The calculated fits of the data use thermal activation energies (Ea) and G-values from Table 9.  
The activation energy for total gas formation was found to be 109 (± 40) kJ/mole (95% confidence level).   

 
 Generation rates of the major gas components from washed AN-102 waste under self-radiolysis con-
ditions are shown in Figure 11.  Based on the formation rate of each gas component in the reaction vessel, 
thermal Arrhenius activation parameters and radiolytic G-values can be calculated for the major compo-
nents.  The gas-generation rate data for self-radiolytic generation at various temperatures for H2, N2O, N2, 
and CH4 are shown in Figure 11.  The fits of the data use thermal activation energies (Ea) and G-values 
from Table 9.  The activation energies (Ea) for formation of these components are 63(±16) kJ/mole (95% 
confidence interval) for H2, 111(±28) kJ/mole for N2O, 58(±29) kJ/mole for N2, and 71(±155) for CH4.   

                                                      
(a)  Bryan SA and CM King.  1998a.  Thermal and Radiolytic Gas Generation from Tank 241-AW-101 Waste:  
Status Report.  TWS98.39.  Pacific Northwest National Laboratory, Richland, WA. 
(b)  Bryan SA and CM King.  1998b.  Thermal and Radiolytic Gas Generation from Tank 241-A-101 Waste:  Status 
Report.  TWS98.78, Pacific Northwest National Laboratory, Richland, WA. 
(c)  King CM and SA Bryan.  1998.  Thermal and Radiolytic Gas Generation from Tank 241-S-106 Waste:  Status 
Report.  TWS98.78, Pacific Northwest National Laboratory, Richland, WA. 



 

22  

The experimental thermal and radiolytic rates for duplicate runs for hydrogen, nitrous oxide, nitrogen, 
and methane generation, represented by symbols, are shown in Figure 12.  The curved lines in the figure 
are predicted temperature-independent radiolytic rates, which are thermal rates plus a constant 
representing a G-value.  The G-values derived from these data are listed in Table 9.   
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Figure 10. Rates of Total Gas Generated from Washed AN-102 Waste under Self-Radiolysis and High-

Dose Conditions.  Calculated fits of the data use thermal activation energy (Ea) and G-values 
from Table 9. 
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Figure 11. Formation of Major Gas Components from Washed AN-102 Waste under Self-Radiolysis 

Conditions.  Calculated data fits use thermal activation energies and G-values from Table 9. 
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Table 9.  Thermal and Radiolytic Rate Parameters for Gas Generation from Washed AN-102 Waste 

 H2 N2O N2 CH4 Overall rate 
Ea, kJ/mol 63(±16) 111(±28) 58(±29) 71(±155) 109(±40) 
A, mol/kg/day 3.81E+03 2.75E+11 3.30E+03 1.38E+03 2.09E+11 
ln(A) 8(±5) 26(±10) 8(±10) 7(±51) 26(±14) 
R2 0.928 0.915 0.835 0.415 0.856 
G-value at 33,400 R/h 0.055 (±0.018) 0.062 (±0.013) 0.0495 (±0.016) 0.0005 (±0.0002) 0.145 (±0.051)
G-Value at 2076 R/h 0.019 (±0.007) 0.039 (±0.013) 0.0495 (±0.016) 0.0005 (±0.0002) 0.145 (±0.051)
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Figure 12a.  Tank AN-102 Thermal and Radiolytic Gas-Generation Rates for Hydrogen and Nitrogen 
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Figure 12b. Tank AN-102 Thermal and Radiolytic Gas-Generation Rates for Nitrous Oxide and Methane 
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4.0  Energetics of AN-102 Washed Solids 
 
During processing of AN-102 wastes, the solids will be filtered and washed via ultrafiltration and 

accumulated in a tank in the pretreatment area of the HLW vitrification plant.  Because AN-102 wastes 
contain significant concentrations of organics and inorganic oxidants and at least one sample exhibited 
significant energetics, CH2M HILL Hanford Group requested that PNWD measure the energetics of 
washed AN-102 solids to help assess the washed solids’ reactivity hazard.(a)  
 

The potential reactivity of Hanford HLW has been a concern because several of the stored wastes 
contain fuels (organic compounds) and oxidants (nitrates and nitrites) whose reactions are thermally 
sensitive (Scheele et al. 1995; Wahl et al. 1996; Meacham et al. 1997).  Because of this concern, Hanford 
laboratories screened thousands of waste samples using differential scanning calorimetry (DSC) and 
thermogravimetric analysis (TGA) to determine whether their thermally induced energetics exceeded 
480 J/g dry waste (Babad et al. 1995).  If their DSC-measured energetics exceeded this criterion, they 
further characterized the waste using the Reactive System Screening Tool (RSST).  Meacham et al. 
(1997) concluded that the wastes stored in Hanford’s single-shell tanks posed no reactivity risks. 
 

Unwashed AN-102 wastes contain up to 30 g total organic carbon (TOC) per liter of solids combined 
with the inorganic oxidants nitrates and nitrites.  These wastes have been found to exhibit significant 
exothermicity (488 J/g dry waste) (TWINS3 database).  Thus, depending on the behavior of the organic 
compounds and nitrate/nitrite during washing, washed AN-102 solids could exhibit significant energetics, 
which is a concern (Reynolds 2001). 
 

In support of the Hanford HLW vitrification plant project, we followed the strategy of Babad et al. 
(1995) using TGA and differential thermal analysis (DTA), which is similar to DSC, to determine the 
washed AN-102 solids energetics.  The results of our work are described in this section. 
 

4.1  Composition of Washed AN-102 Solids 
 
The AN-102 washed solids used for this energetics testing were prepared as described in Section 2.2.  

Table 10 provides the measured composition of the washed AN-102 solids.  Based on this analysis, the 
solids were 52.5% water. 
 

The only organic compound observed in the AN-102 washed solids is oxalate (C2O4
2-) at 1.3 mmol/g 

or 2.6 mmol C/g.  Sodium oxalate has less energetics than other organic compounds (Meacham et al. 
1997; Wahl et al. 1996; Burger 1995).  After washing, the soluble oxidants nitrate and nitrite were present 
in the solids at 0.7 and 0.4 mmol/g, respectively.  The molar stoichiometric ratios for the maximum 
enthalpy-producing reactions between oxalate and nitrate or nitrite are 1:0.4 and 1:0.67, respectively 
(Burger 1995).  There are nearly stoichiometric amounts (slight deficiency) of each individual oxidant in 
the solids; together there are sufficient nitrate and nitrite for full reaction via the most energetic reaction 
path.  The maximum amount of heat theoretically produced by a reaction between 2.6 wt% C as oxalate  

                                                      
(a)  Reynolds DE.  2001.  Test Specification:  Energetics and Gas Generation Studies.  TSP-W375-01-00002, 
CH2M HILL Hanford Group, Inc., Richland, WA. 
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Table 10.  Measured Composition of AN-102 Washed Solids 

Waste Constituent Concentration, wt % Concentration, mmol/g 
F- 0.17 0.89 
Cl- 0.07 0.021 
NO2

- 1.79 0.39 
NO3

- 4.08 0.66 
PO4

3- 0.28 0.029 
SO4

2- 0.49 0.051 
C2O4

2- 8.92 1.0 
OH- 0.55 0.32 
Total Organic C (TOC) 2.5 2.1 
Al 13.1 4.9 
Na 16.3 7.1 
Cr 0.96 0.19 
Fe 0.66 0.18 
Mn 0.15 0.027 
H20 52.5  

 
 
and sodium nitrate or nitrite and hydroxide is 320 J/g mix or 580 J/g dry waste based on Burger’s (1995) 
reported reaction enthalpies.  Because of their oxalate and nitrate/nitrite concentrations, the washed 
AN-102 solids could theoretically produce >480 J/g of dry waste. 
 

4.2  Measurement Strategy 
 
Just as Hanford used the Babad et al. (1995) strategy to assess the reactivity hazards of stored 

organic-bearing HLW (Meacham et al. 1997), at the direction of CH2M HILL (Reynolds 2001), we used 
the same basic strategy using enthalpy-calibrated DTA rather than DSC from room temperature to 500°C.  
We calibrated the DTA using known melting point standards.  In the event that we saw an exothermic 
reaction producing >480 J/g dry waste, we were to analyze the material using the RSST after concurrence 
of Bechtel National Inc.  Scheele et al. (1995), Wahl et al. (1996), and CCPS (1995) contain descriptions 
of the thermoanalytical methods. 
 

To measure heat changes in the AN-102 sample, we programmed the DTA/TGA instrument to heat to 
100°C at 5°C/min, hold at 100°C for 30 minutes to evaporate any free water, and then heat to 500°C at 
5°C/min.  We used argon as the purge gas to eliminate oxygen and any of its reactions with organics in 
the waste during the analysis.  We did the analyses in triplicate. 
 

4.3  Results 
 
The AN-102 washed solids exhibited exothermic behavior, as shown in Figure 13, which presents the 

average of the triplicate DTA, TGA, and differential thermogravimetric (DTG) analyses for the washed 
AN-102 solids between 100 and 500°C.  The sample was held at 100°C for 30 minutes to dry before 
continuing the thermal analysis. 
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Figure 13.  Average Thermal Behavior of Washed AN-102 Solids from 100° to 500°C 

 
The drying reaction is not presented in Figure 13 to facilitate analysis of the reactions between 

oxalate and nitrate or nitrite.  The DTG is the derivative of the TGA and is another tool favored to help 
identify where reactions begin and end.  The DTG has an appearance similar to the DTA or DSC curve.  
As shown in the figure, the original samples contained an average of 46 wt% solids (54 wt% water) based 
on the samples’ mass after heating at 100°C for 30 minutes.  This is consistent with the analytical value of 
52.5% H2O listed in Table 10.  There are essentially three heat-producing events using TGA as a guide 
for start and end temperatures.  These are summarized in Table 11.  Exothermic enthalpies are indicated 
by a negative sign and endothermic by a positive sign. 
 

The first reaction, after water loss below 100°C, occurs between 200° and 327°C.  Based on the DTG, 
it produced about 40 J/g waste with an average 4.8 wt% loss.  The second reaction occurs between 327° 
and 400°C and produces about 4.7 J/g with a 2 wt% loss.  The third reaction occurs between 440° and 
500°C and produces 10 J/g with a mass loss of 1.4 wt%.  The average total heat produced between 100° 
and 500°C is 55 J/g washed solids or 110 J /g dry AN-102 solids, or well below the 480 J/g dry waste 
criterion required for a waste to be designated as a potential reaction hazard.  Because the heat released is 
less than the criterion, we performed no RSST analyses. 

 
 The only organic in the AN-102 washed solids was oxalate.  Mixtures of oxalate and nitrate/nitrite are 
reactive (Wahl et. al. 1996); however, the amount of heat produced depends on the oxalate concentration.  
Using Burger’s (1995) calculated reaction enthalpies, a 2.4 wt% C-as-oxalate mixture of sodium oxalate 
and a stoichiometric amount of sodium nitrate can theoretically produce a maximum of 170 J/g mix.  The 
maximum amount heat theoretically produced by a reaction between 2.4 wt% C as oxalate and sodium 
nitrite is 217 J/g mix.  Hydroxide participation increases the maximum theoretical enthalpy  
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Table 11.  Thermal Behavior of AN-102 as Measured by DTA/TGA 

 
Sample 

Event Temperature Range 
(°C) 

Mass Loss 
(wt%) 

Enthalpy Change 
(J/g) 

Analysis #1 20-100 58 1010 
 200-327 4.5 -41 
 327-400 2.4 -7 
 440-500 1.3 -6 
 Total (100-500°C) 9.3 -54 
Analysis #2 20-100 53 440 
 200-327 5.0 -37 
 327-400 1.7 -4 
 440-500 1.5 -14 
 Total (100-500°C) 10.3 -55 
Analysis #3 20-100 52 600 
 200-327 5.0 -39 
 327-400 1.9 -3 
 440-500 1.4 -12 
 Total (100-500°C) 10.5 -54 
Average 20-100 54 680 
 200-327 4.8 -39 
 327-400 2.0 -5 
 440-500 1.4 -11 
 Total (100-500°C) 10.0 -54 

 
changes for oxalate’s reaction with nitrate and nitrite by 60 and 39%, respectively.  Based on the oxalate 
concentration and TOC, the maximum heat that could be produced by the washed AN-102 waste is 
300 J/g or 650 J/g dry waste, assuming reaction with nitrite and hydroxide. 
 
 The heat measured is less than any theoretical maximum.  The measured 55 J/g waste is 20% of the 
maximum theoretical for oxalate’s reaction with nitrate and hydroxide or 18% of the maximum theoreti-
cal for the reaction between oxalate and nitrite and hydroxide.  These results are consistent with studies of 
oxalate reactions with nitrate and/or nitrite.  Scheele found that, for a 6 wt% TOC oxalate-nitrate mixture, 
the DSC observed 5% and the DTA observed 20% of the maximum theoretical heat (Wahl et. al. 1996).  
For the oxalate-nitrite mixture, Scheele measured 18 and 45% of the theoretical maximum using the DSC 
and DTA, respectively.  We believe that the difference between the measured and theoretical maximum 
heat releases can be explained by 1) the oxidation proceeding via a different pathway (calculated values 
not properly descriptive of the reaction chemistry) or 2) the gas products carry away much of the heat 
produced without the heat being observed by the DSC and DTA (a less accurate experimental method).  
We have no explanation for the differences between DTA and DSC. 
 
 In summary, the AN-102 washed solids exhibited exothermic behavior; however, the heat released 
fell below the Hanford threshold criteria of a DSC-measured 480 J/g dry waste (Babad et al. 1995) used 
to identify reactive wastes.  Because these washed solids fell below this threshold, we did not attempt to 
measure the enthalpy using the RSST.  The heat measured was substantially less than the theoretical 
maximum expected for the reaction of nitrate and nitrite salts with oxalate present in the tank waste. 
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5.0  Summary and Conclusions 
 
 This report summarizes progress made in evaluating mechanisms by which flammable gases are 
generated in washed sludge from Hanford Tank 241-AN-102.  Gas generation from AN-102 sludge 
samples was first measured with externally applied heat, then with externally applied heat and radiation 
(137Cs capsule). 
 
 The objective of this work was to establish the composition of gaseous degradation products formed 
in actual tank sludges by thermal and radiolytic processes as a function of temperature.  The focus of the 
gas-generation tests on Tank AN-102 samples was first on the effect of temperature on the composition 
and rate of gas generation.  Generation rates of hydrogen, nitrous oxide, nitrogen, and methane increased 
with temperature, and the composition of the product gas mixture varied with temperature.  The gas-
generation rate was examined at 45°, 60°, 75°, 90°, and 105°C.  Arrhenius treatment of the rate data 
yielded activation parameters for gas generation.  The measured thermal activation energies, Ea, were 
determined to be 63 (±16) kJ/mole for H2, 111 (±28) kJ/mole for N2O, 58 (±29) kJ/mole for N2, and 71 
(±155) for CH4.   
 

The gas generation in the presence of a 31,300 R/hr (137Cs) external gamma source was performed to 
measure the radiolytic G-values for gas generation.  The effect of radiation was examined at 45°, 60°, 75°, 
90°, and 105°C.  The radiolytic G-values, in molecules per 100 eV, were determined to be 0.055 (±0.018)  
for hydrogen, 0.062 (±0.013) for nitrous oxide, 0.0495 (±0.016) for nitrogen, and 0.0005 (±0.0002) for 
methane. 
 

The AN-102 washed solids exhibited exothermic behavior; however, the heat released fell below the 
Hanford threshold criterion of a DSC-measured 480 J/g dry waste (Babad et al. 1995) used to identify 
reactive wastes.  Because these washed solids fell below this threshold criterion, we did not attempt to 
measure the enthalpy using the RSST.  The heat measured was substantially less than the theoretical 
maximum expected for the reaction of nitrate and nitrite salts with oxalate present in the tank waste. 

 
Analytical reports detailing analytic measurements of the washed AN-102 waste used in this study are 

summarized in the appendixes to this report.   
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Battelle Test Plan TP-RPP-WTP-066:   
Energetics and Gas Generation  
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Appendix B 
 
 
 

Battelle Test Instruction TI-RPP-WTP-074 Rev. 1,  
“Energetics and Gas Generation Tests:  

AN-102 Solids Washing”  
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Analytical Measurements for AN-102 Samples 
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